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Dictyostelium Crp is a member of the cyclin-dependent kinase (Cdk) family of proteins. It is most related in sequence to
mammalian Cdk5, which unlike other members of the family, has functions that are unrelated to the cell cycle. In order
to better understand the function of Crp in Dictyostelium, we overexpressed a dominant negative form, Crp-D144N, under
the control of the actin 15 promoter. Cells overexpressing Crp-D144N exhibit a reduced growth rate in suspension culture
and reduced rates of fluid-phase endocytosis and phagocytosis. There is no reduction in Cdc2 kinase activity in extracts from
cells overexpressing Crp-D144N, suggesting that the growth defect is not due to inhibition of Cdc2. In addition to the
growth defect, the act15::crp-D144N transformants aggregate at a slower rate than wild-type cells and form large aggregation
streams. These eventually break up to form small aggregates and most of these do not produce mature fruiting bodies. The
aggregation defect is fully reversed in the presence of wild-type cells but terminal differentiation is only partially rescued.
In act15::crp-D144N transformants, the countin component of the counting factor, a secreted protein complex that
regulates the breakup of streams, mostly appears outside the cell as degradation products and the reduced level of the intact
protein may at least partially account for the initial formation of the large aggregation streams. Our observations indicate
that Crp is important for both endocytosis and efflux and that defects in these functions lead to reduced growth and aberrant
development. © 2002 Elsevier Science (USA)
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Dictyostelium discoideum is a relatively simple eucary-
otic organism that has distinct growth and differentiation
phases. In the wild, it grows as a unicellular amoebae,
feeding on bacteria by phagocytosis, but several laboratory
strains have been developed which can also grow axenically
in rich nutrient media. Starvation triggers a cascade of
developmental events that eventually lead to formation of a
mature fruiting body. Initially, the individual cells aggre-
gate in response to pulses of cAMP to form a group of up to
105 cells. The aggregate then elongates and forms a pseudo-
1 To whom correspondence should be addressed. Fax: (604) 822-
6041. E-mail: gweeks@interchange.ubc.ca.
0012-1606/02 $35.00
© 2002 Elsevier Science (USA)
All rights reserved.plasmodium or slug that consists of two distinct popula-
tions of cells; prespore and prestalk cells, that eventually
differentiate to form the spore and stalk cells of the mature
fruiting body. The stalk cells constitute a stalk that sup-
ports a sorus made up of spores. The spores germinate to
form amoebae under favorable condition, whereas the stalk
cells are vacuolated and die.
The Dictyostelium cell cycle is characterized by short S
and M phases and a very long G2 phase. The G1 phase is
either very short or absent (Weijer et al., 1984a). There is
evidence that cell-type determination is influenced by the
position of a cell in the cell cycle at the time of starvation
(McDonald and Durston, 1984; Weijer et al., 1984b; Maeda
et al., 1989; Sharpe and Watts, 1985; Gomer and Firtel,
1987). In addition, some mitosis occurs during late devel-
1
opment (Zada-Hames and Ashworth, 1978; Araki and
Maeda, 1995). It has been suggested that the initial hetero-
geneity in the population of Dictyostelium cells is estab-
lished by the position of a cell in the cell cycle and then
morphogenetic gradients of low molecular weight factors
promote further differentiation and regulate pattern forma-
tion (Weeks and Gross, 1991).
In order to better understand the relationship between
cell cycle and cell type determination in Dictyostelium,
several cell cycle-related genes were isolated (Michaelis and
Weeks, 1992, 1993; Luo et al., 1994; Michaelis et al., 1995).
One of these genes, crp, encodes an33-kDa protein whose
expression is developmentally regulated with very low
levels of mRNA detected in vegetative cells and consider-
ably higher levels present during differentiation (Michaelis
and Weeks, 1993). Crp exhibits about 60% identity to
Dictyostelium Cdc2, but there are some major structural as
well as functional differences between the two proteins.
Crp contains a PCTAIRE motif instead of the characteristic
PSTAIRE sequence found in the Cdc2 proteins and lacks
the conserved GDSEID domain of Cdc2. The PSTAIRE
domain of Cdc2 is involved in its binding to cyclin (Ducom-
mun et al., 1991) and the GDSEID domain is also important
for its function (Fleig et al., 1992). In addition, the equiva-
lent of threonine 161 in human Cdc2, that is also required
for its association to cyclin and its activity (Gould et al.,
1991; Ducommun et al., 1991), is replaced by serine in Crp.
Of the mammalian family of Cdks, Crp is most highly
related to Cdk5. There is 65% identity and 80% similarity
between the two proteins. Like Crp, Cdk5 lacks the GD-
SEID domain of Cdc2 and has a serine instead of threonine
at the equivalent of position 161. Neither the mammalian
cdk5 nor the Dictyostelium crp genes are capable of
complementing the cdc28 temperature sensitive mutation
in Saccharomyces cerevisiae (Michaelis and Weeks, 1993;
Meyerson et al., 1992). Mammalian p25, a truncated form of
the regulatory subunit of Cdk5, stimulates the histone H1
kinase activity of Crp severalfold (Sharma et al., 1999).
These similarities are consistent with Crp being the Dic-
tyostelium homolog of mammalian Cdk5.
An aspartate to asparagine substitution at position 144 in
Cdk5 creates a dominant negative mutation (van den Heu-
vel and Harlow, 1993). Structural analysis of a variety of
protein kinases has indicated that this aspartate residue is
involved in the phosphotransfer reaction (De Bondt et al.,
1993; Taylor et al., 1993; Jeffrey et al., 1995). The binding of
Cdk5-D144N protein to its activator p35 is two- to three-
fold more efficient than the binding of wild-type Cdk5 to
p35, and when the dominant negative protein is overex-
pressed, it blocks endogenous Cdk5 activation by titrating
out the available p35 (Nikolic et al., 1996). The ablation of
Cdk5 function by the overexpression of Cdk5-D144N has
revealed that Cdk5 is involved in several processes. For
example, overexpression of Cdk5-D144N causes extensive
axonal and dendritic shortening in cultured neural cells
(Nikolic et al., 1996), inhibition of neurite outgrowth in
immortalized hippocampal neurons (Xiong et al., 1997), and
inhibition of myogenesis (Lazaro et al., 1997).
In order to examine the role of Crp in Dictyostelium, a
crp gene containing a similar dominant negative mutation
was expressed under the control of the actin 15 promoter.
Our results suggest that Crp has a role in regulating both
endocytosis and efflux and its ablation adversely affects
both growth and differentiation.
MATERIALS AND METHODS
Cell Culture, Growth, and Differentiation
Cell culture to determine Crp levels or to induce differentiation
was performed as described previously (Watts and Ashworth, 1970).
Cells were washed three times with Bonner’s salts (Bonner, 1947),
and differentiation was initiated by plating 2.5  107 cells on a
4-cm diameter black Millipore filter (#AABP04700) on a support
pad soaked in Bonner’s salts. For differentiation on Bonner’s salts
agar plates, 1.25  106 cells in a volume of 50 l were “spotted” on
the plates and allowed to differentiate at 22°C. Differentiation
structures were stained for -galactosidase activity as described
previously (Dingermann et al., 1989).
Cell culture for the CMF and counting factor experiments was
performed as described in Brazill et al. (2000). Production of
conditioned starvation medium and assays for CP2-positive
prestalk and SP70-positive prespore cells was performed as de-
scribed in Wood et al. (1996). CMF assays were performed as
described by Gomer et al. (1991).
Site-Directed Mutagenesis
crp cDNA in pTZ18U was subjected to site-directed mutagen-
esis as described by Zhou et al. (1990). An oligonucleotide with the
sequence, 5-TTA AAA TTA GCG AAT TTT GGT TTA-3 was
used in site-directed mutagenesis to change the aspartate residue at
position 144 of Crp to asparagine. The substituted nucleotide is
underlined. Positive clones derived from the mutagenesis were
subjected to restriction endonuclease digestion and DNA sequenc-
ing (Sanger et al., 1977) to ensure that mutant clones had been
isolated. This mutant cDNA is referred as crp-D144N.
Expression of Crp-D144N under the Control of
Dictyostelium Actin 15 or Discoidin Promoters
crp-D144N cDNA from pTZ18U was amplified by using a
forward primer, 5-AAC TAG TGG ATC CAT GGA GAA ATA
TTC AAA AAT TG-3, and a reverse primer, 5-CGG GGT ACC
ATT TAA TTA ATA GGT TCT AAA CC-3, by the polymerase
chain reaction. The forward and reverse primers contained BamHI
and KpnI sites at their 5 ends, respectively, to facilitate subsequent
cloning. PCR was performed for 30 cycles by using Elongase
(Gibco-BRL) according to the manufacturer’s instructions. The
PCR product was gel purified and cloned into pGEMT-easy vector
(Promega). The recombinant clones were isolated by using standard
procedures and sequenced. A clone that contained only the in-
tended mutation was digested with BamHI and SalI restriction
endonucleases and the isolated insert was cloned in the Bgl II/XhoI
sites of the vector pAct15::lacZ (Dingermann et al., 1989), from
which the lacZ coding sequence had been removed by Bgl II/XhoI
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excision, so that the expression of Crp would be driven by the actin
15 promoter. Ax-2 cells were transformed using this construct by
the CaPO4-DNA precipitation method as described previously
(Khosla et al., 1996). The same protocol was used for the expression
of Crp-D144N under the control of the discoidin promoter, except
that the forward and reverse primers used to amplify crp-D144N
cDNA from pTZ18U contained KpnI site at their 5 ends and the
insert was excised from pGEMT-easy vector using KpnI and cloned
into the KpnI site of the pVEII vector (Blusch et al., 1992).
Fractionation of Proteins by SDS–PAGE and
Western Blot Analysis
In order to determine Crp levels, proteins were fractionated by
SDS–PAGE on 10% polyacrylamide gels as described by Laemmli
(1970) and electrophoretically transferred to Hybond C membranes
as described by Harlow and Lane (1988). The membranes were
incubated for 1 h at room temperature with a blocking solution
containing 5% milk powder (Carnation), in TBS–Tween (25 mM
Tris–Cl, pH 7.5, 137 mM NaCl, 2.7 mM KCl, 1% Tween 20). The
primary antibodies were diluted 1:500 in TBS–Tween and incu-
bated with the membrane overnight at room temperature. Mem-
branes were washed with several changes of TBS–Tween for 30
min. The binding of the primary antibody was detected by using
the enhanced chemiluminescence detection system (Amersham),
with conjugated donkey anti-rabbit IgG-horseradish peroxidase as
the secondary antibody. Membranes were exposed to X-ray films to
detect the signals and these were then quantified by using Image-
Quant software.
In order to detect countin and CF50, a 50-kDa component of
counting factor, 106 cells in 80 l, or 80 l of conditioned media
(CM), was mixed with 20 l of 5 Laemmli sample buffer and
heated to 100°C for 5 min. Then, 15 l was electrophoresed on a
12% polyacrylamide Tris–HCl gel (Bio-Rad, Hercules, CA). Protein
was transferred to Immobilon P and stained as described for the
ubiquitin Western blots in Lindsey et al. (1998) with the exception
that filters were not boiled, were blocked overnight at 4°C in PBS
containing 5% BSA, 1% Tween 20, 1% Nonidet P-40, 0.1% SDS,
and the primary antibody was used at a 1:3000 dilution. Anti-CF50
antibodies were produced in rabbits immunized with a recombi-
nant fragment of CF50 (D.A.B. and R.H.G., unpublished observa-
tions). Staining of Western blots with anti-countin and anti-CF50
antibodies was performed as described in Brock and Gomer (1999).
Gels were silver-stained following Gomer et al. (1991) to detect
total secreted protein.
Cdc2 Immunoprecipitation from Dictyostelium
Cell-Free Extracts and Histone H1 Kinase Assay
Vegetatively growing cells (1  107 cells) were harvested and
washed with PBS (10 mM Na2HPO4, 2 mM KH2PO4, 137 mM
NaCl, 2.7 mM KCl) and lysed by resuspension and vortexing in 100
l of lysis buffer [PBS containing 1% Triton X-100, 80 mM sodium
glycerophosphate, 1 mM sodium orthovanadate, 50 mM sodium
fluoride, and a protease inhibitor cocktail (12.5 g/ml each of
leupeptin, aprotinin, and antipain and 1 tablet of Boehringer
Mannheim protease inhibitor/25 ml)]. The lysate was centrifuged
in a microfuge at 4°C for 20 min. The supernatant that was
obtained after the first centrifugation was recentrifuged under the
same conditions and the final supernatant was precleared by
incubation with protein-A agarose for 1 h at 4°C. Cdc2 was
immunoprecipitated from 100 l of the lysate using 10 g of
anti-Cdc2 antibody (Luo et al., 1995) and protein A-agarose beads
(40 l of 1:1). The beads were washed three times with PBS
containing 1% Triton X-100, once with kinase buffer, and the
associated proteins were then assayed for histone H1 kinase
activity as described previously (Sharma et al., 1999).
Measurement of Fluid-Phase Endocytosis
Fluid-phase endocytosis was determined by a modification of the
previously published procedure (Khosla et al., 2000). Cells were
harvested from exponential growth phase, washed once with HL5,
and resuspended at 3  106 cells/ml in fresh HL5 medium. Cells
were incubated at 22°C for 30 min, after which, FITC-dextran
(Sigma; Mr. 70,000) was added to a final concentration of 4 mg/ml.
At the indicated times, a 250-l aliquot was removed and the
reaction was terminated by diluting cells to 1.25 ml with ice-cold
20 mM potassium phosphate, pH 6.0 (KK2) buffer. Cells were
centrifuged and washed twice with the same buffer. The final cell
pellet was lysed by the addition of 100 l of 6.25% Triton X-100. A
20-l aliquot was taken for protein estimation as described by
Bradford (1976), and the remainder (80 l) was diluted to 2.5 ml
with 50 mM sodium phosphate buffer (pH 9.2). The retained
fluorescence in the samples was measured by using a Perkin Elmer
spectrofluorimeter (excitation, 470 nm; emission, 520 nm). Fluo-
rescence measurements were normalized relative to the protein
levels to account for any differences in the cell sizes between
different strains (Khosla et al., 2000). The fluorescence value
obtained at t  0 was subtracted from the values obtained at
subsequent time points.
Measurement of Phagocytosis
Phagocytosis rates were determined by using 1.0-m crimson
beads (Molecular Probes, Eugene, OR) as described (Khosla et al.,
2000) with minor modification. Cells were harvested from expo-
nential growth phase, washed once with KK2 buffer, and resus-
pended at 3 106 cells/ml in the same buffer. Cells were incubated
at 22°C for 30 min, after which, crimson beads were added at a ratio
of 50:1 (crimson particle: cell number). At the indicated times, 400
l of aliquot was removed and reaction was stopped by diluting
cells to 1.2 ml with ice-cold KK2 buffer. Cells were centrifuged and
washed once with 20% PEG (8000; Sigma) and twice with KK2
buffer. The final cell pellet was lysed in 100 l of 6.25% Triton
X-100. A 20-l aliquot was taken out for protein estimation, and
the remainder (80 l) was diluted to 2.5 ml with 50 mM sodium
phosphate buffer (pH 9.2). The retained fluorescence in the samples
was measured by using a Perkin-Elmer Spectrofluorimeter (excita-
tion, 625 nm; emission 645 nm). Fluorescence measurements were
normalized relative to the protein levels to account for any differ-
ences in the cell sizes between different strains (Khosla et al.,
2000). The fluorescence value at t  0 was subtracted from the
values obtained at subsequent time points.
RESULTS
Ablation of Crp Function
Crp is expressed at low levels during Dictyostelium
growth, and its levels increase dramatically during differen-
tiation (Sharma et al., 1999). In order to examine its
function, we attempted to generate transformants with a
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disrupted crp gene. Several attempts, with a variety of
constructs, all failed, suggesting the possibility that Crp is
essential for growth, despite its low level of expression in
vegetative cells. We therefore attempted to express a pre-
sumptive dominant negative mutant of Crp (Crp-D144N),
since this mutation has been used successfully to generate
dominant negative Cdk5 proteins in a variety of mamma-
lian cells. In initial experiments, crp-D144N was expressed
under the control of the folate-repressible discoidin pro-
moter. Four transformants were isolated, but when these
transformants were grown in the absence of folate, only low
levels of mutant Crp were expressed (data not shown).
When crp-D144N was expressed under the control of the
actin 15 promoter, four transformants were isolated and
each of these expressed high levels of Crp in vegetative cells
and exhibited identical phenotypes. The level of Crp-
D144N expression in one of these clones was at least
10-fold higher than the level in Ax-2 as shown in Fig. 1.
This clone, designated act15::crp-D144N, was selected for
further analysis.
Effects of Crp-D144N on Vegetative Cells
of Dictyostelium
The act15::crp-D144N transformant was grown axeni-
cally in a shake suspension in HL5 medium (Watts and
Ashworth, 1970). It grew with a generation time that was
3-fold longer than that of the parental Ax-2 strain (a
generation time of 24 h as opposed to 8 h), and whereas the
parental cells reached a stationary phase density of 1–2 
107 cells/ml, the transformant did not grow above a density
of 4–5  106 cells/ml. These results suggest that Crp is
required for optimum Dictyostelium growth. However, the
level of Crp-D144N expressed in vegetative cells is substan-
tial, raising the possibility that Crp-D144N might be inter-
fering with pathways that are not Crp-dependent. Crp is
most similar to the Dicytostelium Cdc2 protein, raising the
possibility that the reduced growth rate of the transformant
was due to a reduction in Cdc2 kinase activity. In order to
check this possibility, Cdc2 was immunoprecipitated from
cell-free extracts and assayed for kinase activity using
histone H1 as substrate. As shown in Fig. 2, there was no
reduction in Cdc2 histone H1 kinase activity in the
act15::crp-D144N transformant. In fact, there was a consis-
tent increase in activity and this increase averaged at
1.5-fold higher than the Ax-2 value for 3 experiments. This
result suggests the Crp-D144N does not sequester a com-
ponent necessary for Cdc2 activity and that the reduced
growth rate is due to direct interference with endogenously
expressed Crp. This conclusion is consistent with our
repeated failure to isolate transformants containing a dis-
rupted crp gene.
Since the act15-crp-D144N transformant grew signifi-
cantly slower in suspension culture, we examined its rate of
fluid phase endocytosis. As shown in Fig. 3A, the rate of
fluid phase endocytosis in the transformant was reduced to
approximately 40% of the level of the parental strain. The
act15::crp-D144N transformant also grew slowly on bacte-
ria, and, as shown in Fig. 3B, its rate of latex bead phagocy-
tosis was only 40% of the wild type value. In addition, the
steady state value for bead uptake was 40% of the value for
the wild type.
Effects of Overexpression of Crp-D144N
on Dictyostelium Differentiation
When the act15-crp-D144N transformant was induced to
differentiate on Millipore filters, abnormal features of the
FIG. 2. Histone H1 kinase activity of Cdc2 from Ax-2 and
act15::crp-D144N transformant. Cdc2 from vegetative cells was
immunoprecipitated as described in Materials and Methods.
The immunoprecipitates from Ax-2 (lanes 1 and 2) and the
act15::crp-D144N transformant (lanes 3 and 4) were assayed for
kinase activity by using either histone H1 as substrate (lanes 2 and
4) or no histone substrate (lanes 1 and 3), and the reaction products
were analyzed by SDS–PAGE. The position of histone H1 is
indicated by the arrow, and the positions of molecular weight
markers in units of kDa are indicated to the left of lane 1.
FIG. 1. Crp protein levels in Ax-2 and in the act15::crp-D144N
transformant. A total of 100 g protein from vegetative cells of
Ax-2 (lane 1) and the act15::crp-D144N transformant (lane 2) were
fractionated by SDS–PAGE, blotted onto nitrocellulose membrane,
and probed with Crp antibody as described in Materials and
Methods. The position of the Crp protein is shown by an arrow, and
the positions of molecular weight markers are indicated to the right
of lane 2.
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differentiation process were noted. The transformant took
considerably longer to form aggregates than the wild type
and the aggregation streams that formed were considerably
larger (data not shown). These large aggregation streams
then broke up into smaller aggregates and only some of
these proceeded to form fruiting bodies (data not shown).
While fruiting body formation was complete in the wild
type by 24 h, the transformant did not complete fruiting
body formation until 48 h. Furthermore, spore formation
was only 20% of that of the wild type (Table 1), consistent
with the observation that many aggregates did not go on to
form fruiting bodies. The defect in aggregation was more
easily observed when cells were allowed to differentiate on
agar plates. The transformant formed far fewer aggregation
centers (Fig. 4A) than the wild type (Fig. 4D) and large
aggregation streams were clearly visible (Fig. 4A). In addi-
tion, wild type cells formed distinct aggregates after an 8 h
incubation (Fig. 4D), whereas at 8h the transformant
showed no sign of aggregation (data not shown). The large
aggregation streams formed by the transformant (Fig. 4A)
broke up into very small aggregates (Fig. 4B) long before
aggregation was complete. The reduced rate of aggregation
was not due to a defect in chemotaxis, since chemotaxis to
cAMP, as assessed by a radial migration assay (Browning et
al., 1995), was actually enhanced (data not shown).
In order to examine whether the developmental defects in
the mutant cells were cell-autonomous, cells were set up to
differentiate in the presence of wild-type cells in a 1:1 ratio.
The mixed population differentiated at a rate comparable to
that of Ax-2, and the size of the aggregates that formed (Fig.
4C) was not significantly different from that of wild type
aggregates (Fig. 4D). However, although spore formation by
the transformant in the mixture with wild type cells was
higher than that obtained for the transformant alone, it was
not as high as that observed for Ax-2 (Table 1), indicating
only a partial rescue of the later developmental defect.
FIG. 3. Determination of endocytic activity. Ax-2 cells (f) and
act15::crp-D144N transformant cells (Œ) were harvested from ex-
ponential growth and assayed for (A) fluid phase endocytosis and (B)
phagocytosis at the indicated time points, as described in the
Materials and Methods. The values plotted in (A0 are the mean
fluorescence per g protein  SD for three independent experi-
ments, and the values plotted in (B) are the mean fluorescence per
g protein  standard error for two independent experiments.
TABLE 1
Spore Formation by Ax-2, the act15::crp-D144N Transformant
and a Mixture of the Two
Strain Spore formationa
Ax-2 157  5 (2)
act15::crp-D144N 30  1.5 (2)
Ax-2 and act15-D144N (1:1 ratio) 117  1 (2)
a The values shown are the number of spores formed after 72 h of
development, as a percentage of the initial number of amoebae, and
are the means  standard error for the number of experiments
shown in parentheses.
FIG. 4. Aggregation of Ax-2 and the act15::crp-D144N transfor-
mant. Cells were harvested, washed, and starved on Bonner’s salts
agar plates. The appearance of the act15::crp-D144N transformant
at 22 (A), and 36 h (B) after plating, a 50:50 mixture of Ax-2 and
act15::crp-D144N, 8 h after plating (C), and Ax-2, 8 h after plating
(D). The bar for (A) and (B) is 400 m, while the bar for (C) and (D)
is 250 m.
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The Effect of Overexpression of Crp-D144N on the
Formation and Secretion of Counting Factor
One of the mechanisms that Dictyostelium cells use to
regulate the size of aggregates is via a feedback loop wherein
cells secrete counting factor (CF), a complex of polypeptides
(Brock et al., 1996). When there are too many cells in an
aggregation stream, the associated high level of CF causes
the stream to break up. A disruption of the genes encoding
either countin or CF50, two of the components of CF,
prevents the cells from sensing that there are too many cells
in a stream and large aggregates form (Brock and Gomer,
1999; D.A.B. and R.H.G., unpublished observations). A
disruption of the gene encoding the regulatory protein
SmlA causes cells to oversecrete CF, resulting in aggrega-
tion streams breaking into many small groups (Brock et al.,
1996). act15::crp-D144N cells form very large aggregation
streams that break into small aggregates, suggesting a
possible defect in the production of or response to CF.
To determine whether act15::crp-D144N cells produce
and secrete abnormal levels of countin or CF50, Western
blots of cells or conditioned starvation media were reacted
with either anti-CF50 or anti-countin antibodies. As previ-
ously observed, the Ax-2 parental cells contained both
proteins and smlA cells contained higher levels of both
(Fig. 5). The act15::crp-D144N cells contained high levels of
both CF components, with an even higher level of countin
than that seen in smlA cells. As previously observed, Ax-2
cells secrete both proteins and both are oversecreted
by smlA cells (Fig. 5). Conditioned medium from
act15::crp-D144N cells contained a high level of CF50, but
very little countin. Most of the countin appeared to have
been degraded (Fig. 5). The results shown in Fig. 5 were
observed in each of four independent experiments. Thus,
act15::crp-D144N cells generate abnormally high levels of
two key components of CF, CF50 and countin, but there are
defects in the extracellular accumulation of countin.
Effects of CMF on the Formation of Prestalk and
Prespore Cells
act15::crp-D144N cells form abnormal fruiting bodies
with few spores. To determine whether the act15::crp-D144N
cells exhibited an abnormal initial cell-type choice, cells
were starved at low cell density in the presence of a 1:10
dilution of conditioned starvation medium (CM), which is
necessary for the expression of cell type-specific genes
(Mehdy and Firtel, 1985). After 6 h, cAMP was added to
induce the expression of the markers CP2, which stains an
initial population of prestalk cells, and SP70, which stains
an initial population of prespore cells (Gomer et al., 1986;
Clay et al., 1995). As previously observed, Ax-2 cells
showed normal differentiation into approximately 30%
prespore and 10% prestalk in the presence of CM from Ax-2
or recombinant conditioned media factor (CMF), while in
the absence of CM or CMF, there was very little expression
of the markers (Table 2). Ax-2 cells starved in CM from
act15::crp-D144N also exhibited normal differentiation, in-
dicating that starving act15::crp-D144N cells secrete
CMF. In the presence of CM or recombinant CMF, the
act15::crp-D144N cells were indistinguishable from wild-
type cells with respect to expression levels (as determined
by staining intensity) of both markers, but had higher
percentages of cells differentiating into cells expressing the
markers. Interestingly, when starved in buffer alone, some
of the act15::crp-D144N cells expressed CP2 and some
expressed SP70. Under all conditions examined, identical
assays without added cAMP resulted in no CP2 or SP70
expression in either cell type. These results suggest that
act15::crp-D144N cells are able to respond to CMF and
cAMP and differentiate into initial populations of prespore
and prestalk cells. A very abnormal aspect of these cells is
that they express both markers under conditions where
wild-type cells require exogenous CMF.
The combination of CMF and cAMP induces the expres-
sion of CP2 and SP70. The expression of these markers by
the act15::crp-D144N cells in buffer alone at low cell
density could be due to either a defect in the CMF or cAMP
signal transduction machinery, or an oversecretion of CMF
by act15::crp-D144N cells, resulting in a high level of CMF
even with a low density of cells. To distinguish between
these possibilities, we assayed for CMF production. Ax-2
cells produced 1.9  103  5  102 units/ml of CMF, while
FIG. 5. CF50 and countin levels in vegetative cells and condi-
tioned starvation medium. Western blots of vegetative cell extracts
from the indicated cell lines were reacted with either anti-CF50
antibodies (A) or anti-countin antibodies (B). Western blots of 20-h
conditioned media from the indicated cell types were reacted with
anti-CF50 antibodies (C) and anti-countin antibodies (D).
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the act15::crp-D144N cells produced 1.1  105  4  104
units/ml (means  SDs from 3 independent assays). This
indicates that the act15::crp-D144N cells strongly overse-
crete CMF. Diffusion calculations have indicated that the
oversecretion of CMF by a factor of 30 will activate the
CMF response in the low cell density assay (Yuen and
Gomer, 1994). Since the act15::crp-D144N cells oversecrete
CMF by a factor of 60 relative to parental wild-type cells,
they are capable of expressing CP2 and SP70 at low cell
density in buffer.
We previously found that CMF potentiates chemotaxis
(Yuen et al., 1995). Consistent with their oversecretion of
CMF, we found that act15::crpD144N cells have higher
chemotaxis rates to both cAMP and folate compared with
parental cells (data not shown). In view of the unusual
patterns of secretion by the act15::crp-D144N transfor-
mant, we determined whether there were defects in the
secretion of other proteins. SDS–polyacrylamide gels of the
total secreted proteins were examined and, as shown in Fig.
6, while there were some proteins present at the same levels
in Ax-2 and act15::crp-D144N conditioned media, there
were clear increases or decreases in the accumulation of
other proteins. This suggests that act15::crp-D144N cells
have a defect in either the secretion or the stability of
secreted proteins.
DISCUSSION
The overexpression of Crp-D144N in Dictyostelium re-
sulted in slow growth. p25, a truncated version of the
activating subunit of Cdk5, stimulates the histone H1
kinase activity of Crp severalfold but has no effect on Cdc2
activity (Sharma et al., 1999), indicating that the two
proteins do not share common regulatory subunits and it is
therefore unlikely that Crp-D144N would interfere with
Cdc2 activity during growth. Histone H1 kinase assays of
Cdc2 immunoprecipitates of lysates of the act15::crp-
D144N transformant revealed an increase in activity rela-
tive to that for the parental Ax-2, indicating that the
inhibitory effect of Crp-D144N on growth was not due to
inhibition of Cdc2 activity. The increase in Cdc2 histone
H1 kinase activity in the act15::crp-D144N cells was unex-
pected. Cdc2 histone H1 kinase activity reaches a maxi-
mum at the transition between the G2 and M phases of the
Dictyostelium vegetative cell cycle, but since there is no
change in the ratio of prestalk to prespore cell gene expres-
sion, it is unlikely that a larger proportion of the
act15::crp-D144N cells accumulate at this check point. The
increase in Cdc2 histone H1 kinase activity may reflect
some other consequence of the slow growth of the
act15::crp-D144N transformant.
We tried to confirm the results obtained for the dominant
negative Crp transformants by isolating transformants that
expressed antisense crp and as a result had reduced levels of
FIG. 6. act15::crp-D144N cells have defects in the accumulation
of a variety of proteins in the extracellular environment during
development. Conditioned medium from Ax-2 parental and
act15::crp-D144N cells was separated by electrophoresis on an
SDS–polyacrylamide gel, and the proteins were detected by silver
staining. The positions of molecular weight markers in units of
kDa are indicated at the left.
TABLE 2
At Low Cell Densities, act15::crp-D144N Cells Express Prestalk
Markers in the Absence of Exogenous CMF
Prestalk and prespore cell formationb
Ax-2 act15::crp-D144N
Additiona CP2 SP70 CP2 Sp70
None 0.6  0.6 1.7  0.7 12.6  0.7 17.8  2.2
Ax-2 CM 8.1  0.6 30.3  2.0 25.1  2.5 42.7  2.0
act15::crp-D144N
CM
12.2  1.5 31.8  1.4 26.9  2.5 45.6  1.7
Recombinant CMF 9.4  1.1 28.6  1.2 18.3  1.2 38.5  2.6
a Cells were starved at low cell density in submerged culture in
the presence of the buffer alone, a 1:10 dilution of CM from high
cell density starving Ax-2, or act15::crp-D144N cells, or recombi-
nant CMF (1 ng/ml).
b The percentage of cells expressing either CP2 or SP70 are
indicated. Values are means  standard errors for three indepen-
dent experiments. In the absence of added factors, the difference
between the two cell types is significant both with respect to CP2
expression (P  .001, t test) and with respect to SP70 expression
(P  .005, t test).
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Crp. However, only a single transformant was isolated from
several independent transformation protocols. This strain
had low levels of Crp, grew very slowly, and failed to
differentiate (data not shown). This result is consistent with
the idea that Crp plays an important role in both growth
and differentiation.
In addition to the defects exhibited in vegetative cells, the
act15::crp-D144N transformants exhibit abnormal develop-
ment: aggregation was considerably delayed and large ag-
gregation streams were formed, suggesting the possibility
that Crp plays a role in determining size territory during
aggregate formation. Since aggregation size is regulated by
counting factor (CF), we determined levels of two of the
components of CF, countin and CF50. The act15::crp-D144N
transformant produced large amounts of both factors, but
only low levels of countin are secreted. This could account
for the fact that, initially, act15::crp-D144N forms large
aggregates and then, when the countin levels become suf-
ficiently high, the large aggregates break up. The result of
mixing the transformant with wild type cells was consis-
tent with this idea. Thus, wild type cells were able to fully
correct the aggregation defect of the transformant presum-
ably by providing sufficient active counting factor to induce
normal-sized aggregates. The marked delay in the aggrega-
tion of the act15::crp-D144N transformant relative to the
parental Ax-2 cells could be due to the large changes
in protein secretion in the transformant. One or more
of these components could have an inhibitory effect on
aggregation.
Crp levels increase dramatically following aggregation
(Sharma et al., 1999), suggesting the possibility that the
protein has a distinct role in late development. Consistent
with this idea, the act15::crp-D144N transformant exhibits
a defect during late development. This defect appears to be
independent of the aggregation defect since wild type cells
were able to fully correct the latter (Fig. 4), but only
partially correct the former (Table 1). The act15::crp-D144N
transformant massively oversecretes CMF, and this might
inhibit terminal differentiation. However, since addition of
wild type cells can partially overcome the inhibitory effect,
it seems more likely that the act15::crp-D144N cells are
deficient in a component secreted by the wild type cells
that is necessary for terminal differentiation.
The consequences of inhibiting the Crp kinase are severe.
In addition to the inhibitory effects on phagocytosis and
fluid phase endocytosis in vegetative cells, there is an
abnormal secretion of several proteins during starvation.
These results suggest that Crp plays an important role in
uptake and efflux which might involve regulating cytoskel-
etal function. In this respect, it is worth noting that
mammalian Cdk5 has been implicated in the regulation of
the dynamics of actin microfilaments (Nikolic et al., 1996;
Sells et al., 1997) and the yeast Pho85 kinase, a functional
homologue of Cdk5 (Nishizawa et al., 1999; Huang et al.,
1999), is involved in the regulation of the actin cytoskel-
eton through its phosphorylation of the Rvs167 protein (Lee
et al., 1998). Furthermore, the mammalian homologues of
Rvs167, amphiphysin I and II, have been shown to be
involved in endocytosis (Wigge and McMahon, 1998). In
view of the fact that inhibition of Crp in Dictyostelium has
profound effects on influx and efflux, it is possible that the
observed effects of altered Cdk5 activity in neuronal and
myogenic cells (Nikolic et al., 1996; Xiong et al., 1997;
Lazaro et al., 1997) could be due to similar effects.
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